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ABSTRACT 


Vi 


This thesis describes about an investigation on the 
dissociation behaviour of a large number of samples of calcite, 
limestone and dolomite available in the laboratory or obtained 
from the industry* The industrial samples represent raw materi- 
als from different mines. The work has three main parts, 

(a) Development of various laboratory techniques to be 
applied in the investigation of decomposition reaction, 

(b) Actual studies on various samples and collection of data 

(c) Analysis of all experimental data for quantitative 
assessment of the mode of decomposition and thermal 
properties of samples and an attempt to corelate the 
data obtained using different techniques. 

The emphasis of the work is on the development of thev. ^ . 
experimental techniques and methodology. The experimental data 
have been primarily used to establish the validity of the techni- 
ques proposed and used* However, an attempt is also made to 
generate some decomposition data which may be of interest to the 
industries . 

The experimental techniques described include the following, 

(a) Thermal analysis of samples (simultaneous DTA, TO-, DTG). 

(b) A new technique called the ^Moving Bed' technique in 
which a bed length of sample . is gradually introduced 
into a furnace hot zone and decomposition allowed to 
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take place un<ier rising temperature condition. 

(c) Continuous measurements of tenrerature of volume 
elements of a moving bed to understand the heating 
characteristics ' f materials f ;:llowing into a furnace 
with time. 

(d) Measurement of the rate of rise f tem’serature of 
samples (.initially at t om tern erature) suddenly 
intrc'duoed into the hot zone -of furnace at a constant 
temperature . 

(e) Continuous measurement of ev«.lution of carbon di-cxide 
generated by decomposition of a sample kept at the 
furnace hot zone at a given temperature. A special 
bleeding device is provided t' maintain a given cerb^m 
di-oxide pressure in the system during decomposition. 



CHAPTER I 
INTRODUCTION 


j: ,1 General 

Limestone is recognised ar an important raw material for 
the manufacture of Iron and Steel. It also finds use in the 
manufacture of portland cement, in agricultural purposes etc. 

An average of 0»3 ton or more of limestone flux is requires to 
produce one ton of pig iron in blast furnace to combine princi- 
pally with silica and alumina to form low melting point slags 
and to provide slag basicity to control silicon, sulphur and 
manganese levels in the molten metal. In steel making, calcin— 
ned lime is normally used as fluxing material. Limestone addi- 
tions in the open hearth process gives rise to lime boil which 
effectively stirs the bath and brings the lime to slag where it 
replaces the oxides of iron and keep^ sulphur and phosphorus . 
level low. In modern rapid oxygen converters lime quality 
plays a critical role as it must dissolve in the slag rapidly 
for better control of sulphur and phosphorus. In de-oxidation 
of steel de-oxidising power of ferro alloys is improved by 
presence of OaO in the slag. 

Dissociation behaviour of limestone in the burden affects 
the performance of blast furnaces [1]|« Dissociation behaviour 
is also important in the calcination operations in the kiln 
or shaft to produce lime. It is thus important to study the 
decomposition behaviour of- J.imestone*- 
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1*2 Thermo<fe-.namics of limestone dissociation ; 

Reliable thermodynamics data for limes'fcone decomposition 
are available in the literature [ 2 ] 

CaCO^ = CaO + 00^', • = 40250 - 34.4T-(i, 

AO° = ^ Ra}lnp002 — (2) 

whereAG® is the standard free energy change for the reac- 
tion, POO 2 is the partial pressure of CO 2 and T is the tempera- 
ture in 

MgCO, =* Mgd + CO 5 i = 28100 — 40., 65?, . 

5 2 _ (3; 

It may be readily shown that MgCO^ decomposes at a temperature 
of 420^0 and CaCO^ at 900^0 at pCOg of 1 atm. 

In the case of dolomite the dissociation reaction would 
involve two sequential steps. MgCO^ in dolomite decomposes 
first followed by CaCO^. Often these sequential steps overlap 

1.2.1 Dissociation behaviour of actual OalCium carbonates ; 

For Calcite, dissociation temperature is 898*0 [3^4] at 
1 atm. Magnesium carbonate dissociates at a much lower temper 
rature i.e. 420*0 at pCCg ot 1 atm. Since the proportion of 
MgCOj and CaCO^ differs in many species of dolomitiC and magne- 
sian limestone, the dissociation temperature naturally varies. 
These cannot be calculated from theory and actual exjseriments 
alone can give the data* In most cases the MgO is hard buzhit 
in varying degrees before CaO is formed. Even if ,ths CaO cons- 
tituent is soft burnt the hard burnt f %0 component ii^^luences 
a denser quick lime of* lower reactivity than a dcmpayahly 
calcined high calcium lime* 
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According to Hedin [5], certain kinds of limest<me cannot' 
SttC^essfully calcined into lump or quick lime. These ts^es 
may largely dissociate into ozide but they will decrepitate 
into small fractions down to dust rendering the product unsa- 
lable for many uses and seriously complicating the process of 
calcination, large crystalline forms are most prone to behave 
like this and experimental calcination of the stone is judicio- 
us before a plant investment is made. This is ’physical oddity* 
and the chemical analysis of ihg stone hf.g little or no influe 
ence on this characteristics, 

Fostel [6] also observed that the CaCO^ crystal lattice, 
in preheating undergoes thermal expansion of 5 to lOpct. prior 
to calcination. A residual effect of this expansion is an in« 
crease in the stones porosity, 

1>3 1? on-isothermal kinetics 

During heating a carbonhte may decompose continuously and 
therefore, the dissociation reaction is essentially a non-eiso 
thermal. Such reactions can be studied by ^heiaaal analysis 
under rising temperature conditions. Dynamic nonai so thermal 
kinetic studies are carried out by all'-wixig a reaction to take 
place at progressively higher terarerature using a welldefined 
temperature time relationship, progress of the reaction being 
recorded (eg. as weight change) against temperature or time. 

Traditional kinetic studies involve a series of runs in 
which a reaction .takes place under ’isothermal conditions* , 
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From the plot of fraction decomposed i.e. *a* against time *t' 
a reaction rate constant is derived by expressing wei^t as an 
appropriate function of *t’. If the experiment is then repeated 
at several other temperatures and an unchanged reaction is assu- 
med then an Ax'rhaiius type plot can be obtained and the activa^? 
tion energy calculated* Such isothermal experiments generally 
yield a value of about 50 Ecal/mole [7 ] for the activation 
energy of limestone. 

The isothexmal experiments require large number of runs. 
Moreover it is always difficult to attain a fixed, temperature 
without some pre-reaction. Therefore an uncertainty remains 
regarding zero time of reaction. Also it is very difficult to 
reproduce physical characteristics of a sample in every run. 

The commercial thermal analysis equipments use very small 
samples to ensure thermal equillibrium with the furnace. It is 
however possible to design a technique for thermcgravimetry 
on large masses. The technique is described in detail later.' 

1,4 Differential Thermal Analysis (DTA), Thermograviraetry(TG) 
and Derivative Thermogravimetry (STG) 

DTA measures heat effects in a sj^stem due to phase changes 
or reactions. DTA studies have found wide applications , in vari- 
ous fields. It is, however, new realised that mere useful infer 
mat ion is obtained when DTA^ is cembinad with TG and DTG, In TG 
the weight of the sample is measured continuously and the course 
of the reaction is followed through measuring weight changes*’ 
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DTfi .gives the rate of change of weight loss and gives a measure 
of reaction rate at various temperatures. The modem approach 
in thermal analysis therefore is simultaneous DTA, TG and DTG 
studies^. The principles of these techniques rare well known 
and %hei’sfore will not be dicussed here, 

1.-5 Aim of the present Investigation 

The present work is aimed .at studying dGC'^mr ^ (Sition beha- 
viour of a large number cf calc it e, limestone and dolomite 
samples using various techniqiies of therr.'al analysis. The tech- 
niques include DTA, TG, DTG .and a n..~w moth.rl called ’ Moving 5Bed’ 
technique which is suitable for studying the decomrosition behag 
viour of large samples* They are described in detail in subse- 
quent chapters. 

The data obtained using various techniques are to be analy© 
zed to establish an overall comparison of the decomposition 
behaviour of various samples. 
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CHAPTER II 
PLAN OP THE WORK 

The present work is aimed at comparing the dissociation 
behaviour of various grade samples of calcite, limestone and 
dolomite under Isothermal/Non— isothermal experimental conditions. 
The work is contemplated in the following manner. 

•2,1 DTA Technique : - 

DTA technique is suits-ble only for very small samples 
(10 to 500 mg) to investigate exothermic or endothermic reactions 
taking place in the system. TO shows whether the reactions 
involve weight changes or not, DTG gives additional kinetic 
data for the reaction by providing the slope values of TO curve. 

A standard ‘Derivatograph’ instrument was used for simultaneous 
measurements of DTA, TG and DTG of the samples. 

First the effect of parameters such as particle si? 7 .e, 
heating rate, gas flow rate etc. was established. Subsequently 
all studies were done under standardized conditions so that the 
experimental data become amenable for comparative analysis. A 
series of experiments were also conducted to study sequential 
decomposition reactions such as those found in a combination of 
carbonates. The effect of the nature of. associatidn of carbona- 
tes was studied. 

2.2 Moving bed technique 

This method describes a generalized approach on non-iso- 
thermal kinetic investigations which use large samples and non- 
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linear heating programme. It proposes a moving bed experiment 
in which a large volume of sample is spread in a long quartz 
tube and the tube is introduced into a furnace hot zone at 
uniform speed. When the boat is withdrawn, it gives a series 
of successive volume elements which have been subjected to a 
temperature-time programiT'e for different periods. 

Ihe heating programme would depend primarily on the tempe- 
rature profile of the furnace, the boat speed and the heat trans- 
fer CO— efficient , Ihe temperature— time plots can be obtained 
by thermocouples positioned in the moving bed for several samples. 
The resultscof such findixigs established} non— isothermal kinetic 
data for a known heating programme. It was then possible to 
compare the dissociation of large and small samples. 

2.3 Measurement of evolution of Carbon di-oxide_.;- 

An apparatus was set up to measure the flow rate of libera- 
ted CO 2 gas which in turn could bo related to the amount of 
material decomposed at any time of heating. Variables sfcudied 
in such experiments include temperature, OO2 pressure, partible 
size, different grade of materials etc. 

In some experiments simultaneous temperature and carbon 
di-bxide measurements were carried out to give additional infor- 
mation on the decomposition behaviour of samples*' 


8 


C H A P 7 S R III 
EXPERIMENTAL 


3.1 Materials 

For thermal analysis most of the samples were obtained 
from Bokaro Steel Limited, Bokaro (samples of limestone and dolo- 
mite) brought from the sources such as Euteshwar, Satna, Chopan, 
Birmitrapur, Baradwar, Ilamtek etc. Double carbonates of Na^CO^. 
CaGO^ were S 3 mthesized in the laboratory. Calcite and locally 
available limestone and dolomite, materials were procured and 
chemically analysed in the labora.tory and the compositions are 
given in Table III-l. Analytical grade of CaOO^ and MgGO^ with 
purity of almost 99 pet. were also used in some studies* 

Unless otherwise mentioned the average particle size of the 
samples used was 75}i(micron) i.e. -90|i. to + 63 \^ for DTA. In all 
other cases the actual sizes used are mentioned with all experi- 
mental data. 

3.2 Equipments ;- 

3.2.1 Derivatogranh ; . 

The line sketch of the Derivatograph is shown in fig,(l) 
[8,9]. In the DTA cell there are two thermocouples interconnected 
through a galvanometer. One crucible holds ihe reference material 
Al^O^C Alumina) and the other holds the test, sample. The two cru- 
cibles are heated in a furnace. There is provision for flushing , 
the system with inert gas argon at a controlled flow rate. The 
equipment offers various sensitivities and various rates of 
heating are available (e.g. '5? 10° 25° 30°C/min.) 
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TABLE III - 1 

CHEMICAL AlfALYSlS OE ^AI4PL.Eg AFTER COMPLETE BUMTIRG 

AT 1000°C 


Compomds Calcite Limestone Dolomite 



CaO 

98.57 

MgO 

. * • 

Si 02 

,1.27 


o-,16 

AI 2 O 3 

• • 


84.34 

70.42 

4.72 

24.51 

6.19 

1.31 

4.0I 

2.61 

0.74 

1,14 
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3«2«2« Moving bed and other Experiments i - 

Por moving bed and OG 2 evolution studies, a kantbal -wound 
resistance furnace was employed. A sketch of the apparatus is 
sho-wn in figi(2).- The temperature was controlled with an accu- 
racy of i5^C with the help of a temperature controller. Actual 
temperature was measured using a Chrcmel-Alumel thermocouple 
connected to a potentiometer. The rate of evolution of COg wa.s 

controlled through a mercury bubbler device shown in fig, (3). 
and by using a capillary flowmeter. 

3>3 Experimental Procedure 

3.3.1 DTA/TG/DTG plots s 

About 400 mg of the sample was taken in a standard ceramic 
crucible and kept above Thermocouple No.l. Inert Al20^ sample 
was taken in the other crucible and kept above the thermocouple 
No. 2. The standard flow rate of argon was Icc/min. DTA, TO 
and DTG plots were plotted simultaneously. The details of the 
esperimental conditions for the thermal analysis studied in the 
present work are given in Table-III-2, 

3.3.2 Moving bed technique ; 

About 100 gm of calcite in the size range of -5 to +14 mesh 
were dried in an oven and kept inside a 60cm long, l*4cm I*D*, 

■ auartg; tube which was sealed from one end. The tube was then 
pushed inside the furnace. at the rate of 1 cm/min or 1/2 cm/min 
for a predetermined period of time, removed and allowed to cool 
in, air ^ The material was sampled from various distances along 
the length of the tube for further analysis by reheating -ttie 
volume elements individually at lOOO'^C for 90 minutes. 



REFRACTORy PLUG 
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TABLE III - 2 

DETAILS OF EXPERIMENTAL CONDITIOHS FOR DIFFERMTIAL 
THERMAL ANALYSIS 

Argon Plow Rate = 1 cc/min - n 


2-' bulk = 0 
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3*3 « 3 Measurement of Carbon di~oxide ■aTol'ution 


About 25 gffi of sample after drying wa.s kept in the quarts 
tube which was oonnectod - rercurj'" pressure regula.t' 

to a calibrated capillary flowmeter as shown in fig. (3)* 


apparatus was first purged by passing CO 2 from cylinder for 
10 minutes. Then the tube was introduced well inside ohe fr 
nace and OO 2 liberated was measured at regular inter^^’a! of e, 
The experimental details of various experiments carried out 


■IDO' 


j-EU' . 
T 


given Table III-3. 


3*3.4 Temperature measurements in Static b .d 

In another set of experireents , :• chromel-alunel therno cou- 
ple was pieced ft the centre of sanpl-. (25 gn) and the quarts 
tube containing the sample was kept well inside the furnace '2ad 
temperature was measured at regular interval. In some exporr.- 
rents attempts were made to measure the tevaporature and tne 
rate of liberator] CO 2 simultaneously. 


3 . 3.5 Temperature mea sur ements in Movleg bed ; 

A chromel-alunel thernoarcouple wrs fixed at a known 
nee inside the tube containing soiaple (50 gm) as shown in 


dirta- 
f i{ . ( 2 


The mouth of refractory plug in the fi\?nac=. tube was taken as 
the reference for measuring distances : r all the cases. The 


tube was pushed inside the furn:. 
of 1 cm/nih and the tenperature 


.ma i'.isll.Y et the incromer ts 
're . 0 measured at 30 see. interv'"! 


And the details of experimental cev.r?itions are given in 
Table II 1 - 4 . 
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TABLE- III-5 

DETAILS OF EXPERIMENTAL COEDITIOITS FOR GO ^ EVOLUTION 

MEASUREMENTS 


- COp Par- Particle Tota". 

Expt.No. Material Amount Control tial Pre- size Ezpt3. 

(gm) Temp.°C ssure{atm) (mesh) Time(ici ■ 


CEO 

Calcite 

31.19 

1000 

1.03 

-5 

to +14 

40 

CEl 

t 1 

31.11 

f t 

t t 

1 ! 


35 

CE5 

t f 

27.21 

t ! 

t ! 

J 1 


25 

CE3 

1 f 

26,92 

f f 

f t 

-48 

to +65 

30 

CB4 

1 1 

27.09 

t f 

T t 

-14 ’to ^+20 


CB5 

» f 

27.26 

1 t 

t t 

+3 


25 

CE6 

L/S-CNB 

28.04 

I 1 

f f 

-14 

to +20 

20 

CE7 

j 1 

32.23 

f 1 

f f 

+3 


20 

CE8 

Dolo-CNB 

28.91 

f ! 

t t 

-14 

to +22 

20 

GB9 

Calcite 

27.28 

f ! 

. 1.25 

-5 

to +14 

35 

CEIO 

t f 

26.76 

1 t 

T 1 

1 1 


35 

CEll 

! ! 

26.27 

t 1 

1*5 

I » 


45 

CB12 

t t 

29.42 

1 t 

1-5 

j 1 


45 

CB13 

L/S-CNB 

27.33' 

f t 

! ! 

-14 

to +20 

30 

CB14 

Calcite 

29.11 

980 

‘1^03 

-5 

to +14 

45 

CE15 

f f 

29.65 

980 

» f 

1 1 


50 

CB16 

t 1 

29.88 

950 . 

1 1 

1 1 


50 

GB17 

, f t 

32.17 

f f 

f t 

» » 


60 

CB18 

f f 

30.96 

f T 

^ t 
! 

1 1 


60 

GE19 

t 1 

28.69 

t f 

? I : 

--5 

t. i+14 

60 

CE20 

L/S-CNB 

26.59 

1 f 

t t 

-14 

t* +20 

90 

CB21 

L/S-CNB 

31.91 

1 f 

t f 

+3 


40 

CB22 

Dolo-CNB 

26.18 

f 

» r 

-14 

to +22 

40 

C;iJ23 

Calcite 

27.43 

1 t 

1.25 

-5 

to +14 

40 

CB24 

l/s-cnb 

27.82 

t t 

1-5 

-14 

to +20 

60 

CE25 

Calcite 

28.32 

925 

1.03 

-5 

to +14 

60 

CE26 

t t 

25.48 

900 

1*03 

-14 

to +20 

60 

CB2.7 

L/S-CNB 

1 1 

25.55 

1 1 

1 1 

-14 

tu +20 

90 

CE28 

32.42 

f t 

A 

r 1 

+3 


60 

CE29 

Dolo-CNB 

29.10 

11 

1 1 

-14 

to +22 

30 

CE30 

1/S-CNB 

27.37 

t I 

1.5 

-14 

to +20 

60 

CB31 

1 1 

28.19 

850 

1.03 

t 1 


20 

CB32 

t f 

31.22 

1 1 

t I 

-14 

to. +22 

35 

CB33 

Dolo-CNB 

28,61 

1 f 

1 f 

t I 


30 

CE34 

L/S-CNB 

27.82' 

1 f 

1.5 

-14 

to +20 

45 

0E35 

Dolo-CNB 

28.76 

800 

1.03 

-14 

to +22 

60 

CB36 

f t 

28.68 

750 

1.03 

1 1 


60 
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TABLE III-4 

BjTERIMEETAL C0FD1TI0IT3 FCR TBMPBnATUSE MEASUREMENTS 
IF STATIC ABB MOVIITG BEDS 

Maximum Time = 30min Controller Temperature = 1000 °C 

Bed Speed = Icm/min Sample length-Static = 10 cm 

Sample lengtL-Moving = 20 cm 


Fo7 Material Size (mesh) Position of Remarks 

Thermocouple 


TMl 

Empty tube 

m » 

TM2 

Calcite 

-5 to 

TMJ 

L/S-CEB 

-14 to 

TKC% 

Dolo-CFB 

-14 to 

TM5 

Empty tube 

J 1 

• • 

TM6, 

• # 

TM7 

T » 


TM8 

! 1 

• m 

TM9 

Calcite 

-20 to 
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CHAPTER IV 
R B S U L T S 

4:ji>l Results' of Deri vat ograph experiments 

Results of DTA, TG and DTG experineniis i^.e* from DTI to 
DT18 aa obtained from derivatograph are sunmarized in Table IV-1. 
The exact plots for some experiments are given in figures from 
(4) to(l3)» In samples of dolomite i.e. in experiments DT5 and 
DT6, weight losses due to calcination of MgCO^ end CaCO^ a.re 
found separately from the TG plots and these results are marked 
as ^A' and ’B’ respectively in Table IV-1, 

4.2 Results of calcite decomposition in Moving bed experiments 

The results of experiments carried out using moving bed 
techniques as described in section 3.3.2 for non-iso theraal 
decomposition studies of calcite are given in Table IV-2. 

4.3 Results of experiments measuring evolution of Carbon di*:»oxide 
in Static beds 

Table IV-3 gives the results of experiments tc measure, 
evolution of 002* The details of those experimental conditions 
such as pC 02 » sample weight, source etc., have been given in 
Table 111-3* Typical plots for the rate of CO 2 evolution for 
materials like calcite, limestone and dolomite are ei'^en fig. (14) . 
limestone and dolomite dec.mpose rather easily than calcite. 
it may be noted that total area tndor the curve upto certain , 
duration would give total amount of CO 2 liberated in th8.t 
T- .-5 ' 't ■ b n . 
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T A B L S IV-1 

RESULTS OBTAIKBD BY Tg PLOTS SHOWING V/BI&HT LOSSES 
AT VARIOUS TEMPERATURES IN DT EXPBRIMTS 


Run No 

• 

873 

Weighty 
973 . 

loss 

1073 

in mg 

1173 

at T stop era ture'^K 
1213 1253 1273 

_Maxm* wt. Maxm.pct. 
“loss(i!ig) wt. loss 
calculate 

DTI 

• * 

• • 

/ 

4 

28 

50 

100 

126 

155 

39.14 

DT2 

• # 

1 

4 

30 

60 

110 

156 

161 

40,25 

DT3 

1 

4 

12 

4^ 

85 

116 

136: 

.140 

35.00 

DT4 

• • 

• « 

2 

28 

58 

IPS 

138 

152 

38.56 

DT5'A’ 

• * 

8 

17 

86 

• m 

• • 

• * 

90 

22.50 

DT5’B' 

• • 

• * • 

* • 

• • 

73 

88 

101 

102 

25.50 

DT6*A’ 

• • 

7 

14 

* • 

• • 

• « 

• « 

70 

17.50 

DT6'B' 

• • 

• • 

• « 

30 

58 

92 

102 

104 

26.00 

DT7 

• '# 

2 

4 

25 

52 

87 

122 

126 

32.47 

DT8 

96 

104 

112 

154 

188 

190 

192 

192 

48.00 

DT9 

• • 

1 

2 

16 

32 

48 

58 

84 

21.00 

DTIO 

• « 


5 

25 

35 

48 

60 

125 

31.25 

DTll 

• f 


1 

74 

104 

124 

144 

144 

. 42.48 

DTllA 

100 


• • 

• « 

• • 

» * 

• • 

100 

57.14 

DTi2 

• # 


1 

13 

34 

69 

104 

134 

33.50 

DT13 

• • 


4 

30 

50 

110 

135 

160 . 

40.00 

DT14 

• • 


3 

24 

36 

76 

115 

159 

39.75 

DT15 • 

• • 


3 

20 

39 

68 

97 

140 

35.00 

DTI 6 

• • 


1 

11 

27 

73 

123 

140 

35.00 

DT17 



1 

21 

49 

126 

144 

162 

40.50 

DTIS 

• m 


1 

20 

50 

102 

154 

162 

40.50 


Fig. (4) DT4/T«VI 
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period and it can be tlxuar related tc the loss in weight of the 
sample as shown in fig. (15). This has been verified and c.nfir- 
med by actual weighing cf the sample at the end cf experiments. 

» 

In those cases where the Hatching is n'.. t very gcod err.' r 

V 

is presumably in the measurement of VO 2 evolved especially in 
the initial stages or due to improper calibration of the fl' w- 
netor. The initial rate of ev loti n in s me ceses especially 
with limestone and dolo.nite was very large c-ul'^ n t bo deter--.' 
mined accurately. Weight l-irr r’ntp f r such experiments are 
suitably corrected by simple sd-’iti ns, substractiens r by 
multiplicatif;ns by co.nparing the actual weight loss of sample 
with measured weight loss fr im CO 2 gv lutio-n plot at the end of 
experiments. The corrected dat are summarized in Ta-ble I'V~4. 

4.4 Temperature measurements cn heating .t Static bed (Results) 

Fig, ( 16 ) shows the results of temperature measurements f 
calcite, limest -ne and dnl mite 'n static beds c' nt~ined in tubes. 
Fv.r c'-mparison purp sos, temperature response cf the therm - 
couple in empty tube is also x/lotted in the fig, (16). Tho re- 
sults ( f the simult-anonus measurement ■ f temperature and CO 2 
evolution are given in fig. (17). 

4.5 Results of measurement .f temperature .^uring Moving bed 
experi 'ments t - 

it number of experiments wei-e carried out to understand the 
variation of temperature with tine to different vclune elements 
in a moving bed when -bhe tube was introduced into the furnace 
under a given set -.f conditi)ns. The reults jf temperature mea-e 
surements in empty "tube, for calcite and limestone (TM5 to TM18) 
of Table III-4 are described in figures (18), (19) and (20). 
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CHAPTER 

DISCUSSION 
5«1 DTA Eyporiments 

5,1.1 Standardization of experimental conditions for Thermal 
Analysis : 


It is well known that thermo-analytical data are generally 
dependent on experimental condixions. These conditions include 
amount of sample weight, particle si^.c, rato of heating, flow 
rate of gas, nature of packing etc. In the pres' nt work, the 
following standard conditions wore maintained unless otherwise 
mentioned , 


Weight of sample 

Particle size range 
Heating rate 

Inert gas flow rate 

Nature of packing 


400 mg 

-90u to +634 (75u) 

25°C/min 

1 cc/min 

5 taps on the crucible as 
standardized by the operator, 


In many runs, particularly with calcite, calcination was 
not complete fig. (13) even when the maximum temperature- of 
1000 °C was reached. Some furxher calcination occurred during 
cooling of the furnace and it stopped wnen temperature foil 
below the decomp )Sition temperature of CaCO^^ In such casts, 
the maximum loss in weight of the sample is found to bo loss 
than the theoritical value of 44 pet, for pure CsCO'^ decomp^'Si— 
tion. In other samples from mires presence of impurities such 
as Si0 2, AI2O5 and Pe2^3 sample may lead to lower values 

of percentage loss in weight than the theoritical values. 
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5*1.2 Dissociation of Carbonate mixtures; 

■When two carbonatjes are present together decnmpositrrn. 
reactions ^ay or may not overlap. The exact decomp^ sition 
behaviour will depend strongly on the nature of assocxa.to on ■'■-f 
the carbonates. For example if the tw ' cerbcnates are in tri- 
form of a mechanical mixture then each ec mp'-siti'n roacti n 
represents decomp ■^sit ion of a pure substance. If h wevcr, th-'s.. 
carbonates exist in the nature of a c i ound tU'-'n the diss cia- 
tiv;n behaviour is-riH.re complex. 

Per example data in figures (11) and (12) for pure MgCO^ 
and for pure GaCO^ show that d ecoDj. ositicn of MgOO^ occurs at 
temperature abvut 500 °C, that of CaGO^ occurs at 900^G. A 
mechanical miizture of MgGO^ and GaGOj f 'r* which data is giV'.n 
in fig. (8) shows two separate DTA peaks and TG pl'ts as expocte>'' 
one corresponding to MgCO^ at 600*^G and another corresp.nding 
to GaGO, at about 900 °G. On tne other hand dolomite is a com- 
pound of MgGO^ and GaGO^ and its dec rnposition is delaye'l dui. 
to its decreased activity in the compound DTA data in fig. (6) 
show that decompositi'-n starts at temperature of 800°C which is 
much above the decompositi'-'n temperature of MgCO^. However ^nce 
MgCO^ has dissociated the GaGO^ is nr longer locked up in d-.l'— 
mite. Therefore the diss -^ciati n behavi-.ur of GaGO^ in dolomite 
will be same as in pure Imestme. 

Figures (9) and (10) show experf ental data in on ether 
interesting system i.e. Na^CO^.GaCO^. If a mechanical mixture 
^ust occur in sequence. These sequential reactions 



of sodium carbonate (Na-CO^) and CaCO^ is heated there is n: 

2 5 5 

weight loss due to deconnosition of ha„CO^ because it is thorr''- 

2 5 

dynamically stable upto 1200^0 even after melting at tempera.t r -• 
of 850*^0. The thermal analysis data shows an endothermic pej^k 
occur around 870'^C without any significant loss in weight. This 
peak therefore must ascribed to melting of Fa 200^. Decomposi- 
tion of CaCO^ in the mixture is dol'^yet as it might have reacted 
with molten Fa^CO^ to form a double comnound Fa ,C?C0, . 

Thermal analysis dat? for mech-'nicsl r ' xture of Fa^GO, and CaCO^ 
and the compound Fa 2 C 0 ^,Ca.C 0 ^ are ther‘-fore comparable. 

5.1.5 Dissociation behsviour of samples from Mines 

In samples of limestone and dolomite collected from the 
various mines, some decomposition occurred at temperatures lower 
than 900°C, which can be due to presence of MgC0^.( This is cle^'r 
from DTA and TG plots in figures (4) and (5), of runs DTI to DT7 
where results are summarised in Table IT-1. Results of DT5*A' 
and DT6*A* in Table IT-1 corresponds to decomposition of MgCO^ 
in dolomite while DT5^B* and DT6*B* correspond to decomposition 
of CaCO^ in the dolomite. 

Dolomite sample from Chopan does not show any decomposition 
at temperature less than 900*^0, as there ts no corresponding 
peak for MgCO^ in fig. (7). It is thus besieally lamestone. This 
deson^-tarates the •utility of ^analyi^is in id=6aaiify'ing 
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5.2 Determination of Activation ’Energy from TG data ; — 

5.2.1 g ~ T plots : 

Some of the TG- data(wexght loss) shown in Table IV— 1 hpve 
been used to obtain a-T plots for dissociation of various 
sojnples . Here ’a’ denots the fracti^'n decociposed. et any tempe- 
rature T*^K and is otained as follows , 

^ Actual weight loss 

~Maxm. wt. loss corresponding to 
complete decomposition — (4) 

The value of a for these runs (DTI to DT4 and DT12 to DT15) 

are summarized in Table V-1. 

5.2.2 Analysis of non-isothermal data; 

The basic equation of non-is 'thermal kinetic is obtained 

by combining three equations: 

1. Emetic law, ^ = Ef(a) ”(5) 

dt 

2^ Arrhenius type equation, 

k = A ezp(-E/ET) (6) 

3* Temperature -Time equation, 

T = f(t) (7) 

Jot constant heating ratedT = B (8) 

dt 

da = Aezp{— B/RT)dT — (9) 

,« Bj- 

Integrating, = gla) = j|exp{-3/ET)dI —(10) 

Here *a’ denotes the degree of reaction (fraction decomposed) 
at time *t’, ^A* and *1* are kinetic parameters which satisfy 
sm Arrhenius type e<|uation. is the gas constant and ‘B’ 

1® the heating ssid are function whose 

% the There are many 
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T A B I B Y-1 

GALGtJLATIOBS OF BRAOTION Dii}00!!P0SBD(a ) yBRSUS 
TBMPBRATI3RB FROM TG P LOTS OF IfS BXPBRIMBH^g 


T?iTn 

a at 

various 

Temperatures 



i uOLll xM w • 

1073 

1113 

1173 

1213 

1253 

1273 

DTI 

0.03 

0.08 

0.18 

0.32 

0.65 

0.81 

DT2 

0.03'' 

0rO5 

0.19 . 

0.37 

0,68 

0.97 

DT3 

0.09 

0.i4 

0.31 

0.61 

0.83 

0.97 

DT4 

0.01 

0.V.4 

0.18 

0.38 

0.71 

0.91 

DTI 2 

0.01 

0.02 

0.07 

0.19 

0.39 

0.59 

DTI 5 

0.02 

0.06 

0.17 

-0.28 

0,63 

• 0.77 

DT14 

0.02 

0.06 

0.14 ■ 

0.20 

0.43 

0.65 

DT15 

0.02 

0.03 

0.11 

, 0.15 

0.39 
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methods of S'-lvi^ng this aquation all jf which are appr^zii'-^te 
in nature. The most popular solution used frequently xn th'' 
literature has been given by Coats and Hedfern [ll]. According 


to them if, ^ l-(l-a)^'^^ = kt ..(11) 

and f(a) = 3(l-a:)^/^ (12) 


1 - (l-g)^^^ = ,^[1-2RT/E] exp[-7/?"’] i.(l3) 

3BE 

The value of activafif n energy is btainel oy pi tting 

ln[l-(l-a)^'^^]/T^ versus 1/T for the c--e -f 2ST/E<<1. 

Another method cf calculating *E' fr^n n^n— isothermal 
kinetic data has been given by Ingraham [12] according to whom, 

ln[Ba/T^] = B/RT .. (14) 

Activation energy 'B’ in this case can be obtained by plotting 
ln[Ba/T^] versus l/T. The calculated ’E' values using method "f 
least squares for the above isen,t|.one4 equations are summarized 
in Table 7—2. Actual plots for the tw^ equations for typical 
limestone and calclte materials are shown in fig. (28). 
Activation energy values of around 39 Kcal/mule obtained in 
Table 7-2 are c'^mparable to the reported value of 40,5 Kcal/aole 
[13] f«pr single crystal study of celcite in vacuum. 


.3 Temperature Heasurement and g-t(time) plots obtained fre 
)ving bed ©xperiments:- 


Fig,,(21) shews the a-t plots for some moving bed experiments 


©strU-eru- 53E from the aaialysis 

t i' ^ 

©f ir'!>li9pe as stated in ITable J7-2 
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TABLE 7-2 ■ 

OALOULATION OE AOTI7ATION BEERGY FROM T& BATA IK 

DT EXi>BRIMBET3 


Run Fo» 

Coats 4- 

Redfern 

Ingraham „ 

Slope 

•B* in Koal 
/mole 

Slope 

'B* in Real 
/mole 

DTI 

+18680 

-37.36 

-18958 . 

-37.92 

DT2 

+18995 

-37.99 

■ -19074 

-38.15 

DT3 

+19138 

-38,^ 

-19137 

-38.27 . 

DT4 

+19086 

^38,17 

-19220 

-38,44 

DTI 2 

+19Q43 

-38.09 

-19354 

-38.71 

DT13 

+18965 

‘-37*93 

-19424 

-38.85 

d!di4 

+18875 

-37*75 
♦ , 

-19507 

-39.01 

DTI 5 

+18797 

-37.59 

-19595 

-39.19 



in ri-(l-o^)Vr^J 
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Fig. (28) 


TYPICAL PLOTS 
REDFERN AND 
OF ACTIVATION 


FOR EQUATIONS OF COATS 
INGRAHAM FOR CALCULATION 
ENERGY . 


4 * 
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a = 44 - pet LOI .... (15) 

44 

At lower speed of "bed, the materials will reach the high 
temper's ture zone after a. longer period and hence a— t plot will 
shift to right as vShown in fig. (2l). As can be expected a-t 
plots shift to left with increase in the furnace temperature. 

These a— t plots may be further converte'^ to a--T( temperature °E} 
plots for cof 3 parison with corresponding plotvS of DTA/T6 experi- 
ments in fig. (22). 

Calcite samples in such experiments decompose to any appre- 

» ai# 

ciable extent only near the entering end of the bfe'-^ end the vol- 
ume elements at some distances away practically remain undecom- 
posed(a<10 pet.). The length of the bed where appreciable amount 
of decomposition occurs increses with increase in furnace tempe- 
rature. In all these cases, complete decomposition of calcite 
material did not occur even at the entering end* Degree of 
decomp ''•sit ion decreased markedly with increasing distance from 
the end. This phenomenon may be occufring due to following reaso'ns* 

1* Slow rate of calcite decomposition 

2. I&sufficient heating of bed length. 

3. Retarding cf decomposition by Cttfp evc'lved. 

Experimental results on temperature measurements inside the bed 
and CO^ evolution measurements give more information on the 
behaviour of calcite dec'omp-’sitirn. 


Rig* (23) and (24) described the v-^riati -n ::f tempera.ture 

J i I. 

along the length cf a m'. ving bed at any time f:.r pia , 

«<* Pte 
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calcite* If is found that a steep teinporature gradient prevails 
in the bed (moving at 1 cn/min) during the first twenty minutes 
of the experiment. 

Since the dec^mpcsiticn temperature of calcite exceeds 900°C, 
only a small fraction in the bed will be decomposed within the 
duration of experiment. Actual rate of d ecompcsiticn at any 
temperature will be further affected by variables such as nature 
of material, particle size,- partial pressure of CO^ etc. These 
factors have been separately studied «n CO 2 evolution experiments 
described in Table III-3. Pig. (25*) sh;ws the effect of particle 
si^.e for calcite and fig. (26) shows the effect of temperature for 
limestone and dolomite materials on rate of decomposition. 

Experimental results cn CO 2 evolution sh'^w the 3?ate of decom- 
position is n:!t markedly affected by partial pressure of 00 2 or 
particle size in the range studied in the present investigation. 
Retardation hy CO 2 cannot account f rr steep a-t plots on moving 
bed experiment. It can be attributed only due to slow picking of 
temperature by the bed and iilow rate of calcite decomposition. 
Similar experiments with commercial limestone and dolomite sample 
show marked increase in the rate of decomp- sition [fig. (27) 3 and 
they should result in greater degree of 'Dissociation in the moving 
bed. It may ‘ also be noted that actual, temperature cf calcite, 
limestone dr dolomite sample in the bed is much less than the 
fumaco temperature, even when the whole mass is kept in the high 
temperature zone as shown by temperature measurements in static 






dolomite 
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(UOiiDUjDiDS P asjSap) P 





(degree of cdlcmgtfoftl 



fig. (27) 


oc-TIME PLOTS FOR CALCITE, LIMESTONE AND 
DOLOMITE UNDER IDENTICAL CONDITIONS IN 
CO 2 EVOLUTION EXPERIMENTS. 
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bea e-xperiments (TMl tr !EM4). It will not be tbus correct t^' 
calculate activatir n energy fr :m a— t pl-.ts at 'rlifferent furnace 
temperatures.. A simple heat balance m-.-riel which predicts the 
temperature of the bed during its diss; cia,tiv.n at any furnace 
temperature is described below. 


5.4 Mathematical model fr-r heating of carb -nate materials. in 
the Static bed 

Let *m’ be the mass of the carbonate material and dm/dt 

is the rate of change of mass due tf'> dec«‘mpositi.'n reacti-n^ 

then from heat balance one can write, .T+2.7? 

d f{m,Cp )dT = hA(Tf-T) - AHp( -dm/dt )- pp(^)®T 
^ I :"s ^ ^ J c-Udt 

where Cp is specific heat of solid and is specific heat of 

s 

CO 2 evolved, I is temperature in ^C, h is heat transfer coeffi- 
cient in Gal/cm^’^Cmin,.AHjj is heat of decomposition reaction in 
( 96 O Cal/gm of 00^ produced for CaCO^ decomposition) is furnace 

temperature in is surface area of solid material in tne 

tube. In deriving equation(l6) , the sample is'.ssstimed tc be 
uniform temperature throughout and it is kept in the constant 
temperature zone .rf the furnace. 


Consider the case where the material is not deccmp.'sing 
Gase I : ^‘^’^reaction^^^^ dm/dt ^ 0, and taking specific heat 

to be constant for asimples, 

mOpdT/dt — hA(f^*-!r) .....*(17), 

Rearranging and integrating the equationCl?) 
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dT 


In 


jVT 


/t 


hA/nCp.dt (18) 

hA/mCp,t (19) 




^reaction calcxte raaterisl. T^eacticn 

f'vr material like limestone and d..lomite which contain MgCO^. 

• -/ 

Value of ’h' for heating cf material in a furnace has "been repor- 
ted to be Q. Cal/cm*^ .*^0 *mir(i»:ppA)^. Values cf m, A, Op, and 
!]^ are known from experimental eonditinns. 


Results cf calculation show that 25 ga of calcite material 

n 

in the tube will get heated to dec-mp: aition temperature of 900' C 
in l-^ minutes when kept inside the ft^rnace at 1000''C. This 
agrees with the results of actual temperature measurement in the 
static bed in fig. (16). 


Limestone and dolomite materials contain a fraction of MgCO^ 
which decompose at temperature lower than 900^0. The rate of 
heating will be less due to end- ’.thermic dec-'mpositi'..‘n of MgCO^ in 
such cases as dm/dt cannot be neglected any more in equation ). - 
Value of dm/dt depends upon the omcunt of undecomposed material 
left in the tube as well as on temperature of material. Since 
temperature changes with timej this. is essentially a case of non— 
isothermal decmposition which is discusfsed belowi 

Case II t ^ > ‘^reaction, = f(T, carbonate mass left) 

Assuming specif 3 o heats of species to be constant at temperature# 
#t3tiiti'.n(16) can be rewritten as, 

mCp dT + Op^Tdm = hA(T--T) -£^j,(-dm) -f- (dm)t. (20) 

» ® dT dt "^-^dt 

"'(see Appendix A) 
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TABLE V-3 


dALCULATIOES OP COESTA^fT TEMPBRATUIlT IN 

STATIC BED 

FOR DIPPERBiTT 

RilTE OP 

CARBONATE D' 

ECOMPOSITiON 



Tf = 

: 1000 °C 



dm/dt 

The criti- 

- Calculaticns fer 

Ca-lculations for 

gm/min 

cal flew 

CaCO- 


MgCO, 



. rate(cc/sec 


iv -^f 


0.05 

0.5 

8 

992 

5 

995 

0.10 

1.0 

13 

98'^ 

7 

1 

993 

0.20 

1.9 

27 

973 

15 

985 

0.30 

2.8 

41 

959 

24 

976 

0.40 

3.7 

54 

946 

31 

969 

0.50 

4.7 

68 

932 

39 

961 

0.60 

5.6 

82 

912 

47 . 

953 

0.70 

6.5 

95 

905 

.55 

945 

o.eo 

7.5 

109 

891 

61 

959 

?.90 

8.4 

123 

871 

71 

929 

1,00 

9.3 

136 

864 

73 

922 
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presence of MgGO^ will also affect the heat balance calculations 
due to its lower value of heat of decomposition i.e. 24.25 Kcal/ 
mole compared to 42.5 Kcal/mole of CaCO^ decomposition. At the 
same temperature of sample, higher rates of decomposition of 
MgCO^ cen be obtained than predicted for CaCO^ as shown in 
Table '7-3. Calculated temperature values compare wtsU with 
the measured values. 

When practically all carbonates have decomposed |dm/dt; 
will again be zero and squation(19) will doscribej^ the further 
rise in temperature of the sample. Calculations show that the 
calcine limestone or dolomite sample will get heated from a 
temperature of 910°C to 990°C in 1 minute. Details are given 
in Table 7-4. In actual practice it takes much larger time of 
6 to 8 minutes because there will be a small fraction of carbo- 
nate material decomposing even at- temperature higher than 910°C 
and it will consume heat in the process. 
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T A B L 

S 

V-4 

DETAILS OP CALCtiLATIOITS 

POR HEATINa OP DECOMPOSED 

SAMPLE IN THE PURFACE 



Specific heat 

= 

j.1.7 Cal/mole.'^C 


0.21 Cal/gm.^C 

Surface area(A) of the 
Sample 

= 

43.96 cn^ 

Initial mass 

= 

25 gis 

Decomposed mass(m) 

= 

15 gra 

Heat transfer co-efft. 1 

1= 

0.16 Cal/cm^.°C.min 

Temperature of furnaceT. 

e"" 

1000 ‘'C 

Initial temp, of sample 

T 

•^A 

= 

910°C 

Pinal temp, of sample T 

= 

990°C 

ln[Tf-TA/Tf-T] 


hAt/mCp 

ln[ 1000 - 910 / 1000 - 
990] 


0.16 X 43.96 X t 

15 X 0.21 

2.2t 


2.2 

t 


1 min 
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5«5 Model for hgatin^ of cnrb.-nate materials in bod :■ 


It is possible to set up a simple heat balance equati/.n for 
vclume elements of length iM, in the m^'ving bed also* For any 
vcluiue element at time t for Case I .f n-. dec'''mp.iaiticn, 

\. ur*Al.f CpdT/dt = 2urhAl(T^ - I) ,...,(22) 

V 

■Where r is the radius r-t tube^pis bulk density .'f the sample, 
is, the temperature of furnace ccrresp’.nding tv the volume 
element. Temperature is assumed to be constant across the cross 
sectii.n of tube and conducti.'n terns in the axial direction are 
neglected . 

Simplifying equation (22) dT 2h dt (23) 

T^-T ~ rfCp 

Therefore, 

= 2ht/r/'Cp (24) 

For stationery beds, the left hand integral could be easily 
evaluated because T^ was constant. For a temperature T^ is not 
constant but varying according to the temperature profile .'.f the 
furnace. The integ.ral can be evaluated if the variati;.;n r,f T^ 
is precisely known* If the bed is moving at the uniform velocity 

V, then V = x/t (25) 

where x is the distance covered in time t. The temperature pro- 
file of the furnoce may be expressed inf/ollowing form, 

where T ^ is the temperature cf the furnace .mouth* nax:imum 

temperature of furnace and j is a constant. This shews that the 

evaluation of the left hand side integrei- in eq'‘\ation (24) 
'Volume element in 'a moving bed, the surrounding furnace) 
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would be somewhat, c.:-nplicated. 

Calculations are further complicrted in Case II where 
dec 'mp’'Sition of limestone is also occurirsg, CO2 gzs sc ev’lved 
passes through the rest of the be'^ ond effects the overall heat 
balance in the volume element. The exoct analysis for r^ec-^npisi- 
■^ion of carbonates in the moving bed are theref- re n- t carried 
out in this thesis. 
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CHAPTER 71 
OONCLUSIOK 

It is sh ;wn that thermal analysis (simultaneous neasurement 
of DTA, TG- and DTG) can he used for reliable characterization 
in terms of the ninerclcgical composition and inpurity content 
of the carbonate samples. DTA of dolfmite indicates two endo-r- 
therni.c peak corresponding tc seq[uential deecmposition cf MgCO^ 
and GaCO^. The MgCO^ peak in dolomite h.-wever occurs at a 
temi'erature(800°C) higher than that associated with pure MgCO^^ 
(550*^0). The TG data for the non-iso thermal decompusiticn of 
carbr.nate has been analyzed to obtain the kinetic parameters 
f'lr the reaction mechanism. Calculated values of activaticn 
energy around 39 Kcal/m::le are comparable with the reported 
value of 40.5 Zcal/mole in the literature. 

2. In the moving bed. experiments, calcite material decompo- 
ses tp ahy appreciable extent on^y at the entry of the entry -'f 
the bed only and degree of dissociation decreases markedly with 
distance away fr'm that end. This phenomenon is explained due 
to temperature variation in the bed. 

3* A technique cf measuring the flow of CO 2 gas evolved 
during decomposition reaction un'^er controlled temperature and 
pressure has been developed in the present work. It has been 
shown ths.t limestone and dolomite materials dissociate much 
faster than calcite material under identical conditions of temp- 
erature and pressure. COg pressure in the range of 1 to l,5atm^ 
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and the particle size in the range from -3mcsh to +65iaesh donot 
seem to affect the rate of decomposition of c»lcite« 

4. Actual measured temperature of calcite, limestone and 
dolomite samples in static bed experiments are always less then 
the furnace temperature. Heating of these materials in the 
furnace is characterized by an attainment of nearly constant 
temperature f.or some time. Constant temperature value for li.me 
stcne and dolomite samples ar^^ much loss than the temperature 
of the calcite sanj.'les. A heat balance model has been develoy.e 
to corelate the temperature of the bed with the rate of decom- 
position of the carbonate material and the results have been 
confirmed by actual measurement of temperature in the static 
bed as well as in the moving bed. 
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AP£BNDIX-A 

CAIOPLATIOH OF HBAT TRABaFSR CQBPFlCnarT POR HBATIBO 
yOA^WAJB MATBRIALa IN THB PURlfACB 

It la given In reference[l4] that the value of 
heat tranafer coefficient for heatimg of hrlcka In the 
furnace at 1000 la 10 Btu^r.ft*,°P, Thla value 
Includea the contribution due tt convection as well as 
due to radiation. In the present work temperature of 
furnace la lOOO^C or IS^O^F. Contribution due to 
radiation la going to be more and the value of 'h' 
will Increaae h = h^ + h^ 

Taking h^ aa 5 Btu/hr.ft*.®P and as 5 3tu/ 
hr.ft*.°F at 1100®P, hp value at isgo*^? can be cal- 
culated as follows I 

hj.(1830)/hp(1100) =[ 1830+460 AI'TO+460]* 

s 3.0 

h^(l830) = 3 X 5 = 15 Btu/hr.ft* 

h(1830) 

* 5 + 15 = 20Btu/hr,ft*.°P 
= 0a6 Oal/cm®.°C 

This value Is only anproxlaate in nature and In 
actual practice It will very with temperature of aampld 
as well aa with the presence of COg in the tuba. 
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AFPENDIZ-^B 

DETAILS OF SPECIFIC HEATS. OF SPECIIS OF INTEREST 

M PitESEHT TOBK Trrr 


Speolee 


Op In cal/gia.^C 



a 

■pmM 

0xl0-5100''0 300‘'0 500^0 700' 0 

"930*0 

CM 

O 

O 

10,57 

2.10 

2.06 0.22 

0.25 0.27 

0.28 

0.29 

CaO 

JI.67 

1.08 

1.56 0.20 

0.21 0.22 

0.23 

0.23 

CfiiGO^ 

24.98 

5.24 

6.20 0.22 

0.26 0.28 

0.29 

0.31 

NgO 

10.18 

1.74 

1.48 0.24 

0.27 0.28 

0.29 

0.30 

MgCOj 

18.62 

13.80 

4.16 0.25 

0.30 0.34 

0.38 

0.41 








